We present the first year-round estimates of benthic primary production at four contrasting shallow (3-22 m depth) benthic habitats in a southwest Greenland fjord. In situ measurements were performed using the noninvasive aquatic eddy-correlation (EC) oxygen (O 2 ) flux method. A series of high-quality multiple-day EC data sets document the presence of a year-round productive benthic phototrophic community. The shallow-water sites were on average autotrophic during the spring and summer months, up to 43.6 mmol O 2 m 22 d 21 , and heterotrophic or close to metabolic balance during the autumn and winter. Substantial benthic gross primary production (GPP) was measured year-round. The highest GPP rates were measured during the spring, up to 5.7 mmol O 2 m 22 h 21 (136.8 mmol O 2 m 22 d 21 ), and even at low light levels (, 80 mmol quanta m 22 s 21 ) during late autumn and winter we measured rates of up to 1.8 mmol O 2 m 22 h 21 (43.2 mmol O 2 m 22 d 21 ) during peak irradiance. The benthic phototrophic communities responded seasonally to ambient light levels and exhibited year-round high photosynthetic efficiency. In situ downwelling irradiances as low as , 2 mmol quanta m 22 s 21 induced an autotrophic response and light saturation indices (I k ) were as low as 11 mmol quanta m 22 s 21 in the winter. On an annual timescale, the average areal rate of benthic GPP was 11.5 mol O 2 m 22 yr 21 , which is , 1.4 times higher than the integrated gross pelagic primary production of the , 30-50 m deep photic zone of the fjord. These results document the importance of benthic photosynthesis on an ecosystem level and indicate that the benthic phototrophic compartment should be accounted for when assessing carbon and nutrient budgets as well as responses of coastal Arctic ecosystems to climate change.
Shallow-water environments constitute the most dynamic and productive ecosystems of the world's oceans (Middelburg and Soetaert 2004; Glud 2008) . The productivity in shallow ecosystems is driven by both pelagic and benthic primary production. Despite this pattern, most studies focus on the pelagic environment alone and potentially ignore a considerable contribution from the benthic communities (Cahoon 1999) . Furthermore, the presence of oxygen-(O 2 ) producing benthic microalgae alters the availability of biologically important solutes such as nitrate (NO { 3 ), ammonium (NH z 4 ), O 2 , and carbon dioxide (CO 2 ) within the surface sediments as well as in the overlying water column (Fenchel and Glud 2000; Dalsgaard 2003) . Benthic algae are in a prime location to benefit from the nutrients that are released from the sediment following mineralization of organic matter, and provided sufficient light is available they compete successfully with phytoplankton for the regenerated nutrients. In oligotrophic coastal waters benthic primary production therefore tends to dominate ecosystem production (Jahnke et al. 2000; Glud et al. 2002; Middelburg and Soetaert 2004) .
The Arctic and subarctic regions are sparsely populated and only locally affected by eutrophication, but the region is undergoing dramatic transformations. Changes in sea ice extent and thickness, precipitation and river discharge, and wind patterns alter the light and nutrient availability in the coastal zone and are expected to affect coastal productivity (Wassmann et al. 2011) . While considerable research has focused on pelagic productivity in the Arctic, benthic primary production is surprisingly understudied (Glud et al. 2009 ). The extensive shelves of the Arctic Ocean encompass some 25% of the global shelf areas and may host a substantial biomass of benthic primary producers (Gattuso et al. 2006) .
Rates of in situ benthic primary production are most often inferred from measurements of O 2 exchange between the seabed and the overlying water column (termed the ''benthic O 2 exchange rate''; Glud 2008) . Traditionally, the benthic O 2 exchange rate has been quantified using benthic chambers and microprofilers. Transparent benthic O 2 chambers enclose a known sediment area (typically , 0.2 m 2 ) and the areal exchange rate of O 2 is inferred from the change in O 2 concentration over time. Benthic O 2 microprofilers provide point measurements of the O 2 concentration gradient at the sediment-water interface to estimate the ''diffusive benthic O 2 exchange.'' Both methods are difficult to apply to hard benthic strata, which are widespread in Arctic and subarctic systems, and as a result large regions of the coasts remain severely understudied (Glud et al. 2010) .
The introduction of the ''aquatic eddy-correlation'' (EC) technique for measuring benthic O 2 fluxes by Berg et al. (2003) has made it possible to investigate the benthic O 2 exchange rate under ''true'' in situ conditions. The EC technique infers the O 2 exchange at the sediment-water interface from continuous Eulerian, high-frequency measurements of the flow velocity and O 2 concentration taken at the same point within the benthic boundary layer (BBL) close to the sediment surface (Berg et al. 2003 ). This information is used to derive a continuous time series of vertical O 2 fluxes across a horizontal plane. Since the EC measurements are carried out away from the sediment surface, the EC method is not confined to soft sediments. Importantly, EC fluxes integrate a large area of the seabed (typically 10-100 m 2 ) under the natural light and flow conditions ). To date, coastal applications of the EC technique constitute a limited but growing database. EC measurements on hard-bottom benthic surfaces (Glud et al. 2010) , seagrass beds (Hume et al. 2011) , permeable sediments , sea ice (Long et al. 2012) , coral reefs (Long et al. 2013) , and oyster beds (Reidenbach et al. 2013 ) document the validity of this method in environments where benthic chamber and microprofile measurements would be compromised.
The present study draws on the advantages of the EC method to estimate rates of benthic primary production and carbon turnover in shallow contrasting benthic ecosystems in a southwest Greenland fjord. We monitored these sites over a 13 month period to assess seasonal trends in the rates of benthic O 2 exchange and inferred rates of benthic productivity from a series of multiple-day data sets. The objective of this study was to consider diel, day-to-day, as well as seasonal changes in benthic productivity, and to assess the ecological importance of benthic primary production in a vastly understudied region that is undergoing rapid climatic changes.
Methods
Study sites-The study was conducted between May 2011 and June 2012 within the Godthåbsfjord system in southwest Greenland (Fig. 1) . A long-term monitoring program has been in place in Godthåbsfjord since 2006 with the aim to establish a long time series for key physical, chemical, and biological oceanographic observations (MarineBasis, www.nuuk-basic. dk).
The EC system was deployed on a regular basis throughout the year at three locations nearby Nuuk, Greenland's capital city. Furthermore, we present a single deployment from a deeper fourth site. In all cases the EC system was lowered by hand from a small research vessel. Representative images from each of the four sites are shown in Fig. 2 .
Site 1 was located in Nipisat Sound, a protected inlet with an area of around 3 km 2 . The EC system was placed in the inner part of the inlet at a depth of 3 m at mean low water. The flow in Nipisat Sound was tidally driven, with typical flow velocities ranging from 2 to 10 cm s 21 over a tidal cycle. The sediments in the sound were spatially heterogeneous, ranging from silty sands on the flanks to winnowed sands in the middle of the sound. Still and video imaging along with sediment sampling documented the presence of year-round benthic microalgae, while patches of filamentous green algae and small vascular brown macroalgae extending 2-10 cm up into the water column were present during the summer months. The sediment hosted dense infauna and epifauna communities dominated by polychaetes, bivalves, and echinoderms (Blicher et al. 2011) . The inner regions of the sound were seasonally ice covered during the winter with a thickness of , 10 cm.
Sites 2, 3, and 4 were located within Kobbefjord, a wellconfined 25 km 2 fjord close to the capital, Nuuk. Site 2 consisted of a sand flat with consolidated sands and gravels that extended for several hundred square meters within a depth range of 1-10 m. Benthic primary producers consisted mainly of benthic microalgae and filamentous green and small vascular brown macroalgae. The water velocity typically ranged from 1-6 cm s 21 over a tidal cycle.
Site 3 consisted of a rocky embayment ranging in depth from 1-7 m. The interstices between the rocks were filled with coarse gravels and relict shell fragments. Coralline red algae covered many of the rocks, and high densities of the urchin Strongylocentrotus droebachiensis were observed on the rocks as well as on the gravel interstices. The water velocity typically ranged from 1-4 cm s 21 over a tidal cycle.
Site 4 was located close to the head of Kobbefjord at a depth of 22 m. The site was characterized by muddy sediments with occasional glacial drop stones encrusted in Fig. 1 . Map indicating the location of our four study sites in Godthå bsfjord, southwest Greenland. Modified from Glud et al. (2010). coralline algae. At the time of investigation (October 2011) large densities of the urchin S. droebachiensis were observed actively grazing on the microphytobenthic mat as well as on the coralline algae. The water velocity at this site ranged from 1-4 cm s 21 .
EC measurements-The setup of the applied EC system was similar to the original design by Berg et al. (2003) . The main components of the system consisted of an Acoustic Doppler Velocimeter (ADV; Vector, Nortek A.S.) and two parallel Clark-type O 2 microsensors (10-20 mm tip diameter with a 90% response time # 0.3 s; Revsbech 1989) that relay the signal to the ADV via two custom-build submersible amplifiers (McGinnis et al. 2011) . The deployment of two parallel O 2 microsensors greatly increased our deployment success rate and provided an internal quality check of the O 2 data (McGinnis et al. 2011) .
The ADV recorded the streamwise (u), traverse (v), and vertical (w) flow velocity components as well as the O 2 microsensor data at frequencies of 32 or 64 Hz and in addition collected ancillary information such as instrument pitch and roll, flow direction, and signal strength. The equipment was mounted onto a stainless-steel tripod frame measuring 130 cm 3 90 cm, designed to minimize hydrodynamic interference. The ADV was mounted downward-facing perpendicular to the seabed surface and the ADV sampling volume was located 25 cm above the sediment surface. This distance was at least 2 times larger than the stones, benthic epifauna, and other bottom features that we observed. The microsensor tips were carefully positioned at the edge of the ADV sampling volume to extract the O 2 data close to the ADV measurement point without compromising the velocity measurements.
Our EC system was also equipped with a conductivitytemperature-depth (CTD) sensor (SBE 19 plus V2, Seabird). Apart from the standard suite of sensors, the CTD had a downwelling photosynthetically active radiation (PAR) sensor (QCP-2000, Biospherical Instruments) and an O 2 optode (4340, Aanderaa). This instrument provided continuous measurements of the environmental parameters covering each EC deployment at a resolution of 60 or 120 s.
Prior to deployment, the EC O 2 microsensors were left to polarize for 10-12 h to minimize sensor drift during deployments. A preliminary calibration of the sensors was carried out using two water samples of known O 2 concentration at in situ temperature and salinity. A sodium dithionite solution was used for the zero O 2 saturation value, and collected bottom-water samples at the measuring site were used for the in situ saturation value. The O 2 concentration was later determined in the laboratory by Winkler titration. In total, 18 successful deployments were made during our 13 month measurement campaign, with the deployment time ranging from 20 to 119 h with a total Fig. 2 . The shallow sites investigated: (1) a muddy-sand embayment, (2) a sand-gravel embayment, (3) a rock-gravel embayment, and (4) a deeper muddy site. The images for sites 1-3 were obtained using a submersible camera with external strobes, while those for site 4 were taken with a small frame-mounted camera under natural light (hence the poorer quality). The image for site 1 is modified from Glud et al. (2010). of , 750 h and an overall deployment average of 41 h. Unfavorable sea ice conditions persisted during spring 2012 and prevented access to the sites in Kobbefjord, limiting our observations during this period.
EC fluxes-The EC O 2 fluxes were first extracted from the raw EC data set and then evaluated for their ''quality'' based on a set of defined criteria. Flux extraction was carried out using the software package Sulfide Oxygen Heat Flux Eddy Analysis (SOHFEA) version 2.0 (available from www.dfmcginnis.com/SOHFEA). SOHFEA employs a protocol for flux extraction that is very similar to the one described by Lorrai et al. (2010) . Additional data treatments that are detailed below but not available in SOHFEA were carried out in MATLABH (MathWorks). The data sets were processed for flux extraction in the following order: (1) Weak signals in the raw 32 or 64 Hz ADV velocity data were identified by a low beam correlation and/or low signal strength. Individual data points with beam correlations below 70% and signal-tonoise ratios below 12 dB were discarded. These thresholds were lowered to 50% and 10 dB, respectively, during the winter months, when the particle density in the water was greatly reduced. (2) The 32 or 64 Hz raw EC data were averaged down to 8 Hz. This reduced the noise level and the smaller file size allowed for easier data handling. (3) A spectral analysis was carried out on the 8 Hz vertical velocity (w) and the O 2 microsensor data (C). The spectra showed the presence of an inertial subrange, identified as the region on the pressure spectral density plot for w and C where the slope of energy cascade to the smaller scales followed the predicted 25/3 fit, suggesting well-developed turbulence. The spectra furthermore revealed that the data reduction through adjacent averaging from 64 or 32 Hz to 8 Hz did not result in a loss of signal at high frequency, since most of the turbulent contributions typically occurred at a frequency of 2 Hz or lower. (4) The O 2 microsensors were calibrated to the CTD O 2 optode data. (5) Spike noise in the velocity and O 2 microsensor data were removed using the three-dimensional phase space method by Mori et al. (2007) . (6) The measured 8 Hz ADV velocity data set was rotated using the ''planar rotation'' method to obtain a vertical velocity component that is normal to the local streamline (Lorke et al. 2013 ). Rotation of the data set is required to exclude vertical projections of the horizontal velocity components that may arise from a slight tilt in the instrument or from topographic features. (7) The O 2 fluxes, in mmol m 22 h 21 , were extracted from the ADV velocity and O 2 microsensor data as the covariance w9C9, where w9 and C9 are deviations from a least-squares linear trend fitted to the measured vertical velocity and O 2 concentration, respectively, and the angle bracket denotes time averaging. Following Reynolds decomposition theory the vertical velocity vector may therefore be expressed as w 5 w + w9 and the scalar quantity C 5 C + C9 (Berg et al. 2003) . The selected time averaging interval is a tradeoff between including as many of the flux-contributing turbulent eddies as possible while excluding low-frequency nonturbulent contributions such as advective flows that may compromise covariance statistics ). To determine the optimal time interval, an analysis was carried out to investigate the effects of averaging time on the mean covariance and subsequent flux estimates for the friction velocity (u * ) and the O 2 fluxes. The u * is directly related to the turbulence regime within the BBL. Estimates for u * were computed from complex Reynolds stress measurements derived from the ADV velocity time series (McPhee 2008) . The streamwise (u), traverse (v), and vertical (w) velocity components were decomposed into a mean and deviatory velocity as u 5 <u> + u9, v 5 <v> + v9, and w 5 <w> + w9. The u * was then calculated as u * 5 (u9w9 2 + v9w9 2 ) 1/4 . The mean u * and O 2 flux were computed as a function of the ensemble average for periods of both low and high flow velocity magnitude. A time window of 10 min was consistently identified as the optimal interval for flux calculation at the four sites (Fig. 3) . (8) A time-shift correction was applied to the data. Time shifting was performed for each ensemble interval by shifting the O 2 data in time relative to the velocity data to a maximum of 2 s to achieve the maximum correlation (defined in terms of the maximum flux) for w9C9. This correction is necessary when the physical separation between the O 2 sensor and the ADV measurement volume, and/or the sensor response time, result in a slight misalignment in the data . (9) By assuming law-of-the-wall velocity profiles, the mean sediment surface roughness (z 0 ) was estimated as z 0 5 z 3 exp(2k 3 [U/u * ]), where z is the measurement height above the benthic surface (0.25 m), k is the von Karman constant (0.41), and U is the flow velocity magnitude. (10) rapid changes in flow direction, and (3) the level of anisotropic turbulence, computed as the ratio between the horizontal and vertical dissipation rate of turbulent kinetic energy (e). We estimated the e using the inertial subrange method by Bluteau et al. (2011) , which is independent of law-of-the-wall scaling. Typically, stratification buildup under periods of low flow velocity reduces vertical turbulent mixing to a greater extent relative to the horizontal counterpart. The O 2 fluxes as measured by EC are seen to be highly suppressed, indicating that turbulence transport is also severely suppressed, and the eddy assumptions are no longer valid . The threshold anisotropy ratio used to filter EC O 2 fluxes was typically 5-15, although it varied between sites and between individual deployments. Altogether the screening process based on the three criteria typically filtered out , 20% of the measured 10 min EC O 2 fluxes. An example of how factors like low flow velocity and sensor collisions may compromise EC O 2 exchange rate calculations is illustrated in Fig. 4 .
Benthic community light response-The light dependency of the EC O 2 fluxes was evaluated using the photosynthesis vs. irradiance (P-I) relationship (Jassby and Platt 1976) . The screened 10 min EC O 2 fluxes covering at least one diel period were averaged down to longer time intervals (1-4 h) to reduce the short-term variability that was independent of the PAR. The averaged fluxes were then plotted against the PAR data. The relationship between the daytime net ecosystem production (NEP; in mmol O 2 m 22 h 21 ) and the irradiance (I; in mmol quanta m 22 s 21 ) was estimated as NEP 5 P m tanh(I/I k ) 2 R, where P m is the maximum rate of gross primary production (GPP; in mmol O 2 m 22 h 21 ), I k is the light saturation parameter (in mmol quanta m 22 s 21 ), and R is the nighttime respiration term (in mmol O 2 m 22 h 21 ). The fitting parameters P m , I k , and R were allowed to vary until a least-squares line of best fit to the data was obtained. This simple model adequately fit all the data sets and in most cases showed a remarkably tight fit to the measured EC data (see below). The compensation irradiance (I c , in mmol quanta m 22 s 21 ) was subsequently derived from the P-I curves as the x-intercept.
Rates of benthic productivity-The rates of benthic productivity were calculated from each time series of the EC O 2 exchange rates. Nighttime periods were identified as the periods when no response of the EC O 2 exchange to the available PAR could be observed. The PAR threshold used to define nighttime periods was within the range of 0-10 mmol m 22 s 21 . Daytime periods comprised the Fig. 4 . The derived 10 min EC O 2 exchange rates were evaluated for quality based on three criteria, namely (1) collisions of particles or debris with the O 2 microsensor, (2) rapid changes in flow direction, and (3) the level of anisotropic turbulence, computed as the ratio between the horizontal and vertical dissipation rate of turbulent kinetic energy (e). (F) Periods with low flow were typically characterized by (E) high anisotropic ratios and (C) suppressed exchange rates of O 2 , indicating that eddy theory may not hold during these periods. (E) The broken line (y 5 5) indicates the threshold ratio used to exclude data. (A) The gray box indicates the section of O 2 data that was compromised possibly due to debris hitting and getting attached to the sensor. (C) The black bars indicate the 10 min exchange rates that were excluded due to one or more violations in the three screening criteria. Altogether the screening process typically resulted in , 20% of the data being excluded. remaining intervals. Gaps in the data that occurred as a result of the flux screening process were filled with modeled fluxes based on the P-I relationship. The NEP and R were then derived from the gap-filled time series in mmol O 2 m 22 h 21 as a bulk average of the O 2 fluxes during the daytime and nighttime, respectively. Assuming a lightindependent respiration rate we also estimated the benthic GPP (in mmol O 2 m 22 hr 21 ) as GPP 5 NEP + |R|.
The autotrophic-heterotrophic balance of the benthic ecosystem (termed ''net ecosystem metabolism'' [NEM], in mmol m 22 d 21 ) was derived as a weighted average of the NEP and R fluxes. The NEM indicated whether sediment O 2 production through photosynthesis balanced the various heterotrophic processes that directly or indirectly consume O 2 . Positive NEM values indicated a net O 2 release by the benthic ecosystem (autotrophy) while negative NEM values indicated a net O 2 uptake (heterotrophy) over a 24 h period.
Results
Metadata-This study is based on 18 EC deployments that in total integrate 750 h of measuring time divided between the shallow-water stations. During the study the salinity in the bottom waters ranged from 28.3 to 33.3 and the bottom-water temperature ranged from 5.5uC during the summer to 21.4uC during the winter. Changes in temperature and salinity during the individual deployments were minimal. Integrated downwelling PAR measured in situ ranged from 14,105 mmol quanta m 22 d 21 in the summer to 103 mmol quanta m 22 d 21 in the winter. The bottom water was on average supersaturated with O 2 during the summer (up to 127%) and undersaturated during the winter (down to 92%; Table 1 ).
EC fluxes-The EC O 2 flux time series typically exhibited a distinct diel structure in response to the availability of PAR (Fig. 5) . Elevated PAR during the daytime typically resulted in positive EC O 2 fluxes and a gradual increase in O 2 concentration in the bottom water. Nighttime periods were characterized by negative EC O 2 fluxes. The two main drivers of the EC-resolved O 2 exchange rates were the light (PAR) availability and the flow velocity at the seabed (Figs. 5, 6 ). The benthic communities exhibited high photosynthetic efficiency. The P-I relationship ( Fig. 6; Table 2 ) demonstrated that little light was required to drive an autotrophic response and the benthic communities quickly became light saturated. Photoinhibition was not observed in any of the 18 data sets.
The diel signal in the data was overlain with short-term variability, seen in the 10 min EC exchange measurements in Figs. 5, 6. As an example, an increase in the flow from 2 to 12 cm s 21 during the day enhances the EC O 2 exchange by 3.5 times, from 2.1 to 7.4 mmol O 2 m 22 h 21 . Similarly an increase in flow from 2 to 8 cm s 21 during the night enhances the rate of O 2 exchange from 20.1 to 22.7 mmol O 2 m 22 h 21 (Fig. 6) . Although the short-term variability of the EC exchange rates with flow does not necessarily scale with metabolic processes in the sediment, rates that are integrated over longer time periods provide robust mea- Rates of benthic O 2 exchange-We derived robust measurements for NEP, R, NEM, and GPP over the year from the high-quality EC measurements at the four sites as evidence for an active and productive phototrophic benthic community ( Fig. 7 ; Table 2 ). The highest rates of O 2 exchange were observed during the spring and summer months. Sites 1 and 2 were autotrophic during these periods, while site 3 was heterotrophic. In all cases a substantial primary production was detected. Rates for benthic GPP were highly variable between the three sites during the spring and summer, ranging from 0.63 to 5.68 mmol O 2 m 22 h 21 . Site 1 was overall the most productive of the three sites during the spring and summer, with a combined 2011 and 2012 average rate of GPP of 2.99 6 1.96 mmol O 2 m 22 h 21 (mean 6 standard deviation [SD], n 5 5). For site 2 it was 1.48 6 0.51 mmol O 2 m 22 h 21 (mean 6 SD, n 5 3) and for site 3 it was 1.26 6 0.49 mmol O 2 m 22 h 21 (mean 6 SD, n 5 3). The combined 2011 and 2012 average benthic GPP rate for the three sites during spring and summer was 2.11 6 1.54 mmol O 2 m 22 h 21 (mean 6 SD, n 5 11).
High average rates of GPP up to 1.28 mmol O 2 m 22 h 21 were maintained during the early autumn. Under greatly reduced light availability during the late-autumn and winter period (up to 100 times lower integrated PAR fluxes compared to the spring and summer months), the benthic primary production was significantly reduced, but benthic phototrophs were still active. Light levels of 5 mmol quanta m 22 s 21 or less often resulted in an autotrophic response (Table 2; Fig. 8 ). The highest rates of GPP during this period were measured at site 2 in February 2012 (deployment 14), with an average rate of 0.93 mmol O 2 m 22 h 21 for the 50 h deployment. However, during peak irradiance, GPP rates were seen to be around 1.8 mmol O 2 m 22 h 21 (Fig. 8) . The late-autumn and winter average rate for the three sites (deployments 11 through 14) was 0.65 6 0.56 mmol O 2 m 22 h 21 (mean 6 SD, n 5 4). Although all of our data sets in the late autumn and winter suggest autotrophic conditions during the daytime, the periods with adequate levels of PAR were restricted to only a few hours per day (Table 2; Figs. 7, 8). As a result, when integrated over 24 h, the three sites were heterotrophic or at metabolic balance during the late-autumn and winter period (range from 0.8 to 22.7 mmol O 2 m 22 d 21 ; Table 2 ).
To demonstrate the benthic phototrophic potential of deeper waters a single 53 h deployment was carried out at 22 m water depth in October 2011 (deployment 9; Fig. 8 ). The average I c for this deployment was 4.3 mmol quanta m 22 s 21 , which was the lowest of the 18 deployments. The rate of GPP was comparable to that observed at the shallow-water stations during the winter (0.73 mmol O 2 m 22 h 21 ).
Discussion
Benthic primary production-We observed a substantial benthic primary production in four contrasting benthic habitats in a Greenland fjord over the year. Sites 1 and 2 were autotrophic during the spring and summer, with NEM rates of up to 43. Early estimates compiled by Cahoon (1999) suggest very modest rates of benthic primary production in the Arctic region (defined as 60-90u latitudes) with an average value of , 3.7 mmol m 22 d 21 for the 0-5 m depth range. A more recent review by Glud et al. (2009) considered a broader database for the Arctic. From this the authors argue that the rates presented by Cahoon (1999) most likely underestimate the true rates by 5-10 times. Our derived rate estimate for benthic GPP of 31.6 mmol m 22 d 21 is consistent with this observation (Table 2 ). This finding suggests that the difference in benthic GPP rates between the Arctic and lower latitudes as compiled by Cahoon (1999) could be due to undersampling rather than true latitudinal-related gradients. Furthermore, given the potential for benthic primary production in the extensive shelf areas of the Arctic (Gattuso et al. 2006) , benthic primary production could become quantitatively more important for sustaining shallow-water food webs under future scenarios of reduced sea ice cover during summer (Glud et al. 2009 ).
Rates of benthic GPP that are derived from O 2 exchange measurements assume equal O 2 consumption during the day and night. However, O 2 consumption during the Fig. 5 ). The P-I model (broken line) is fit to the 3 h flux averages using a least-squares fit. Averaging of the EC O 2 exchange rates markedly increased the coefficient of determination (R 2 5 0.36 and 0.73 for the 10 min and 3 h flux averages, respectively) but did not result in significant changes in the estimated maximum photosynthetic rate (P m ), the light saturation parameter (I k ), or the respiration parameter (R) that are derived from the fit. Panel B shows a typical relationship between the flow velocity and the EC O 2 exchange rates during night and day at site 1 (deployment 4). A linear regression is fitted to the 10 min exchange rates to illustrate the effect of a flow increase or decrease on the EC O 2 exchange rate. An increase in the flow from 2 to 12 cm s 21 during the day enhances the EC O 2 exchange by 3.5 times, from 2.1 to 7.4 mmol O 2 m 22 h 21 (R 2 5 0.43). Similarly, an increase in flow from 2 to 8 cm s 21 during the night enhances the rate of O 2 exchange from 20.1 to 22.7 mmol O 2 m 22 h 21 (R 2 5 0.58). The closed symbols are 1 h averages 6 SE (n 5 6). (Fenchel and Glud 2000) as a result of deeper O 2 penetration during the daytime (hence a larger volume of sediment that can support aerobic mineralization), and an enhanced microbial turnover of leached labile photosynthesates (Epping and Jørgensen 1996; Fenchel and Glud 2000) . Therefore, rates of benthic GPP derived from O 2 exchange rates most likely underestimate the true activity. Albeit conservative, the average areal rate of benthic GPP of 138 g C m 22 yr 21 is 1.4 times higher than the 2006-2011 mean depth-integrated gross pelagic production of the , 30-60 m deep photic zone of the region as assessed by in situ H 14 CO { 3 incubations (96 g C m 22 yr 21 ; Rysgaard et al. 2012) . On an ecosystem level, benthic photosynthesis therefore contributes significantly to primary production in the fjord and may serve as the main food source for shallow-water macrofauna communities. Benthic fauna are an important pathway for the turnover of carbon and on average account for 25-50% of the total benthic O 2 uptake in shallow waters (Glud 2008) . The fauna-mediated O 2 uptake (FOU) is partitioned between the respiration of the organisms, which constitutes , 20-40% of the FOU, and the stimulated microbial-mediated respiration and reoxidation following fauna irrigation and sediment reworking (Glud 2008 ). The urchin S. droebachiensis is the dominant macrobenthic species in waters shallower than 20 m in the Kobbefjord region, and its carbon demand for depths of , 5 m at site 3 has been estimated at , 61 g C m 22 yr 21 ). Our estimates for benthic primary production of 138 g C m 22 yr 21 (11.5 mol O 2 m 22 yr 21 ) point towards the benthic phototrophic compartment as an important year-round nutritional source for the macrobenthic fauna in the fjord.
Drivers of EC-resolved O 2 fluxes-Light availability:
The availability of light at the sediment surface is the primary requirement for benthic photosynthesis, since the supply of nutrients is usually maintained by organic matter mineralization processes within the sediment ). The derived P-I relationships (Table 2) clearly reflect a high photosynthetic efficiency of the benthic communities. Even during winter at low light levels, the sediment exhibited a clear light response with I c values as low as 2 mmol quanta m 22 s 21 and I k values as low as 11 mmol quanta m 22 s 21 . Photoautotrophic communities inhabiting light-limited systems such as high-latitude fjords and continental slopes exhibit very efficient light-harvesting capabilities that allow the communities to persist under greatly reduced irradiances (Kü hl et al. 2001; McGee et al. 2008) . From the P-I relations we estimate that the benthic Fig. 7 . Diel time series of EC O 2 exchange rates (presented in 1 h averages 6 SE; n 5 6) from each season at site 1 (spring 5 deployment 1, summer 5 deployment 4, autumn 5 deployment 10, winter 5 deployment 13). Note that the scales on the y-axes are different for the different plots to better illustrate the detail. Despite strong seasonal variances of in situ irradiance the benthic communities were autotrophic year-round during the daytime. communities at the three sites during the summer were light saturated for , 60% of the daytime, equivalent to , 40% of the diel period. Light saturation also persisted during winter, although the short days combined with the low angle of the sun restricted its duration to , 20% of the diel period.
Detailed studies on the photosynthetic performance of benthic systems indicate a dynamic community of microalgae that actively migrate within the sediment in response to the steep and varying ambient gradients of irradiance Kromkamp et al. 1998) . The dynamic behavior of benthic microalgae allows the community to maintain a high net productivity under prolonged periods of elevated irradiance. Consistent with our observations, net photoinhibition of benthic communities at high irradiance is not often observed in benthic systems.
Rates of benthic primary production showed consistent seasonal trends, with the derived P-I parameters P m , I k , and R changing with the availability of PAR. The benthic communities therefore exhibited a clear seasonal response in their photosynthetic capabilities. However, substantial variability in the P-I parameters between the sites within the same season and throughout the year is also evident (Fig. 9 ). There are obvious challenges when attempting to attribute changes in the photosynthetic performances of mixed benthic communities, often having species-specific responses (Kü hl et al. 2001) , to seasonal environmental variables such as temperature and PAR. We noted a changing macroscopic composition of the benthic phototrophic communities at the shallow sites over the year. In the late-spring and summer months both macroalgae and microalgae were present, whereas during the late autumn and winter macroalgae were largely absent. Previous investigations have shown that the I k and P m of benthic communities can vary on timescales of hours and days in response to the changing light conditions (Kü hl et al. 2001; Glud et al. 2002) . However, overall the derived P-I parameters reflect a net photosynthetic performance typical of polar micro-and macroalgal species (Glud et al. 2009 ). . Despite low light, the benthic communities showed high photosynthetic efficiency. Rates of benthic gross primary production of up to 1.7 mmol O 2 m 22 h 21 were measured during peak irradiance. (C) is a 6 h section from (B) deployment 14 that illustrates that little light was required to drive an autotrophic response. In this case the estimated compensation irradiance (I c ) was 2.3 mmol m 22 s 21 .
Flow velocity and O 2 concentration within the BBL:
The EC measurement theory invokes assumptions that the mean current velocity and O 2 concentration within the BBL are at steady state. However, transient flow velocities and O 2 concentrations were evident at all four sites investigated. At site 1, rapid increases in the flow velocity magnitude of up to 15 cm s 21 over 1 or more hours coincided with a manyfold increase in the EC O 2 exchange rates (Fig. 6) . Transient flow velocities and O 2 concentrations within the BBL can induce a temporary bias in the measured EC O 2 exchange rates (Holtappels et al. 2013) . To minimize inclusion of low-frequency nonturbulent contributions we derived EC O 2 fluxes over 10 min intervals. Although we cannot exclude that the fluxes were affected by nonturbulent contributions during certain periods, changes in the mean flow velocity and O 2 concentrations typically occurred over longer timescales than this. The criteria we used to evaluate the quality of the 10 min EC O 2 fluxes, in particular the rapid changes in flow direction and the ''anisotropic ratio threshold'' method (Fig. 4) were effective at identifying periods with uncharacteristically low or high exchange rates of O 2 that occur due to insufficient turbulent mixing or non-steady-state conditions within the BBL. The fluxes that fell within these periods (typically amounting to , 20% of each data set) were discarded and replaced by modeled fluxes based on the P-I relation for subsequent bulk average flux estimates for NEP, R, NEM, and GPP (Table 2) . Furthermore, averages derived from long-term deployments such as the ones presented herein integrate much of the site-specific variability and provide trustworthy exchange rates (Holtappels et al. 2013) .
Large variations between consecutive 10 min EC O 2 flux estimates were common within the 18 data sets, even during periods of relatively steady flow and O 2 concentrations (Figs. 4, 5) . Analysis of the w9C9 time series often indicates the presence of a few large positive and negative events within each 10 min interval in which turbulent eddies with timescales of minutes transfer O 2 up and down (data not shown). The magnitude and frequency of large events within each 10 min flux interval may vary and subsequently so may the covariance estimate w9C9. Therefore, at these timescales the EC fluxes are naturally variable. Work by McPhee (2008) has documented similar observations for under-ice heat fluxes measured by EC. The typical approach is to average the covariance estimates (in our case, 10 min) to 1 h or more to get an exchange rate that is much better representative of that taking place at the seabed surface.
Even at the hourly resolution a substantial variability in the EC fluxes was evident in our data sets . Detailed studies on the benthic O 2 exchange rate have shown it to be highly dynamic. In cohesive sediments or solid interfaces, the thinning of the diffusive boundary layer (DBL) during periods of enhanced flow enhances the O 2 exchange (Kü hl et al. 1996; Glud et al. 2007 ). The maximum DBL impedance of an O 2 -consuming sediment can be approximated by its theoretical elimination according to Boudreau and Guinasso (1982) . Elimination of the 350 mm thick DBL in O 2 microprofiles taken in recovered sediment cores from Nipisat Sound (site 1) during April 2012 enhanced the benthic O 2 uptake in the dark by a maximum of 1.3 times, from 1.0 to 1.3 mmol O 2 m 22 h 21 (data not shown). By contrast, 5-fold increases in the EC O 2 fluxes with flow were common (Fig. 6) . The DBL thickness may therefore account for an appreciable but modest fraction of the variability observed within the EC O 2 fluxes. For highly permeable sediments, advective porewater flows dominate the exchange processes of O 2 in the sediment surface layers and may substantially alter the benthic O 2 exchange rate (Cook et al. 2007 ; Berg et al. Fig. 9 . A time series of the photosynthetic parameters derived from the P-I relationships for the four sites. A seasonal trend in the P-I parameters was observed in response to the availability of PAR. The compensation irradiance (I c ) and light saturation (I k ) values were low, indicating a benthic community able to photosynthesize efficiently under low light conditions, typical of high-latitude ecosystems. 2013). Although the benthic O 2 exchange rate is often seen to be highly variable in such systems, the flow-induced variations in the benthic O 2 exchange rates do not necessarily scale with the actual sediment O 2 turnover rates. The variations may instead reflect the effects of an expanding oxic volume of sediment that can act as an ''O 2 reservoir,'' supporting O 2 consumption during periods of reduced flow, and characterized by a suppressed benthic O 2 exchange rate (Cook et al. 2007 ). Furthermore, changing pools of organic matter (e.g., photosynthesates) as well as variations in fauna activity could substantially affect O 2 uptake rates during certain hours of the diel period (Fenchel and Glud 2000; Wenzhö fer and Glud 2004) . Appropriate spatial and temporal integration is therefore required to account for the site-specific natural variability, to provide robust estimates for carbon production and mineralization in coastal benthic environments (Glud 2008) .
EC measurements in coastal benthic habitats-The EC method provides the opportunity to investigate complex benthic ecosystems noninvasively. The number of EC studies in coastal environments is likely to increase in the future and, concurrent with the development of faster and more robust sensors (e.g., optical sensors; Chipman et al. 2012) , be expanded to resolve fluxes for a broader range of environmental parameters. The following section aims to outline some important considerations for deployment planning and interpretation of EC fluxes in coastal environments.
A main consideration in deployment planning is for the user-defined measurement height above the seabed. Generally, the position best suited for extracting EC measurements is from within the ''constant flux'' layer within the well-mixed BBL , typically located 1.5-2 times above the zero plane displacement (Burba 2013) . Measurements that are carried out too close to the boundary may instead characterize more localized sources due to bottom features such as stones, plants, and macrofauna, and are therefore not necessarily representative of the benthic ecosystem as a whole.
The selected measurement height has further implications for the size of the EC flux footprint (and therefore the extent to which the benthic communities are well represented within the resolved EC fluxes), as well as the ability to accurately correlate the EC fluxes to environmental variables (e.g., flow velocity, PAR). Evaluating the area of the seabed that is integrated within the O 2 exchange measurements is desirable to better interpret EC measurements. While this parameter is well constrained when using benthic chambers and microprofilers, it is much less so for EC measurements. We followed the parameterization of Berg et al. (2007) to estimate the length, width, and the distance of the region that contributes most to the measured EC exchange rates, as a function of the z 0 and the measurement height above the seabed. The mean z 0 for the shallow sites ranged from 0.001-0.017 m, resulting in footprint lengths of between 20-74 m with a width of , 1.6 m and a region of maximum flux located 0.6-2.5 m upstream from the EC instrument. Furthermore, we followed the procedure described by Rheuban and Berg (2013) to estimate the potential errors induced due to spatial variability of the benthic communities as well as temporal changes in benthic exchange rates of O 2 . The uneven distribution of the flux signal within the EC measurement footprint may affect the derived EC exchange rates in heterogeneous benthic environments, such that EC exchange rates may not be representative of the total benthic community. Since the aim of our study was to obtain EC O 2 exchange rates that are representative of the total benthic communities at each of our shallow sites, we evaluated whether our measurement setup was optimal for this purpose. We estimated the heterogeneity of the benthic communities from photo documentation at the four sites, and deduced that under most conditions encountered the spatial scales that were included in the EC measurements were large relative to the spatial scale of variation on the seabed. Therefore, any errors that were induced due to the spatial variability were minimal (, 5%). This analysis gives us confidence that EC O 2 fluxes we present are representative of the total benthic community at each of the investigated sites.
The selected measurement height also has implications for correlating the EC O 2 fluxes to environmental variables (e.g., PAR). The time required for changes in the benthic O 2 exchange rate to be registered at the EC measuring height may be significantly longer than the time window over which the EC fluxes are analyzed, becoming larger as the measurement height increases and the z 0 decreases (Rheuban and Berg 2013) . The range of z 0 values (0.001-0.017 m) and C D values (0.004-0.023) we estimated indicate rough bed geometry typical of sands, gravels, and cobbles (Reidenbach et al. 2010) . A rough bed geometry results in vigorous turbulent mixing that rapidly transports the signal from the seabed to the EC measurement point. As a result, the time required to transport the signal from the seabed to the EC measurement height was for most cases found to be between 10-30 min and in all cases did not exceed 50 min. This time interval is shorter than the EC O 2 exchange average time windows used (i.e., 1-4 h) to derive the P-I relationships. In this respect, the P-I parameters presented in Table 2 (P m , I k , R) therefore reflect accurately correlated EC O 2 fluxes with PAR. Further confirmation of this was inferred by deriving P-I relations from EC fluxes averaged over time windows ranging from 10 min to several hours, which indicated that the P-I parameters remained largely unaffected by the time-averaging window (see Fig. 4) .
The high quality of data presented in this study along with the detailed inferences on the biological performance of the benthic communities that we were able to derive from these measurements gives us confidence that the EC method can provide robust benthic exchange rates in heterogeneous benthic communities under changing environmental conditions, provided that careful consideration is given to deployment planning and data analysis.
